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Late stage thermal history and implications for recent unroofing of the central Appalachians
by
Thomas P. Becker
Abstract
U-ThlHe dating of apatite provides the potential to learn more about the exhumational
history of a landscape. In the case of the central Appalachians, where opposing canons of
geomorphological thought have been formed, this technique may resolve long-standing problems
embodied by each theory.
The U-ThlHe age of a rock can be the result of several factors affecting the cooling
history recorded by the apatite. A previously underappreciated phenomenon results when two
rocks are exhumed from depth with different sequences of sedimentary overburden. When slowly
exhumed, the influence of the sedimentary sequence on the rocks' thermal history can be different
enough to have a notable effect on the resulting U-ThlHe age. This makes assumptions about the
long-term rate of exhumation very difficult to constrain. However, itdoes help to resolve why
there can be dramatic along-strike variations in age from proximal samples in apatite U-ThlHe and
fission track ages.
Using a current approximation of denudation history of the central Appalachians from the
Jurassic to present, two thermal histories were developed for continuous 'Hackian' denudation
(Jurassic to present) and an approximation of the exhumation required for Davis' Schooley
peneplain formation (Jurassic to Cr~taceouslTertiary). These thermal histories were then adapted
to an ingrowth-diffusion model to determine hypothetical ranges of U-ThlHe ages. The trial U-
ThlHe age dataset seems to correspond with Davis' model of exhumation where erosion rates have
been slowing in step With the progressive reduction of relief, rather that the more or less constant
rate of erosion envisioned by Hack for a dynamic, near-steady state landscape. A pending dataset
will shed more light on which process was likely operating through the Tertiary.
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Introduction
Landscapes preserve a record of topographic construction and destruction. Major
paradigms of long-term landscape evolution have foundations in classic physical geography and
field studies in the Appalachian mountains (Davis, 1889, 1899; Johnson, 1931; Hack, 1960, 1982).
More recently, numerical models (Slingerland and Furlong, 1989; Pitman and Golovchenko, 1991;
Kooi and Beaumont, 1996; Pazzaglia and Brandon, 1996; pazzaglia and Gardner, 2000) have
evaluated the relevance of these theories to the resulting landscapes, incorporating relevant
tectonic, climatic, and eustatic conditions. These efforts have succeeded in reaffirming the
response to various environmental settings is complex. Despite which approach is used, it is
generally agreed that landscapes form their characteristic shapes due to several competing factors;
these include tectonic activity, climatic variation, regional base-level changes, and differential
resistance to erosion. However, the rates at which these processes and conditions are pertinent,
particularly over time periods of tens of millions of years, are fairly unconstrained.
The recent development of U-ThlHe dating of apatite as a low-temperature
thermochronometer allows temporal constraints to be applied to long-term landscape evolution.
U-ThlHe dating of apatite provides the age of the apatite as it cooled and began to retain
radiogenic helium. The temperature at which this retention occurs is largely dependent on the
cooling rate of the host rock and size of the apatite crystal. At cooling rates of lOoC/m.y., the
closure temperature of moderately sized apatite (150-200 microns) is about 70±5°C (Farley, 2000).
This technique provides lower temperature thermal histories than were previously attainable by
other radiogenic thermochronometers. The cooling rate may be the result of tectonic or erosional
exhumation and is linked to the rate of rock advection to the surface from ambient temperatures at
depth. Recent applications ofU-ThlHe apatite dating to geologic problems (House et aI., 1998,
1997; Wolf et al. 1997) have demonstrated that the method is invaluable for understanding the
tectonic and geomorphologic history of a landscape. Additionally, U-ThlHe dating will prove to
be particularly valuable in studies of long-term landscape evolution where exhumation-related
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cooling is protracted over millions of years. In these instances, previously irresolvable subtleties
of long-term landscape evolution can be elucidated.
Setting
The Appalachian mountain range extends from Newfoundland to Alabama along the
eastern coast of North America. It is a composite of three major Paleozoic orogenic events that
progressively closed an ocean basin (Iapetan Ocean), culminating with the Late Pennsylvanian
Alleghanian orogeny. The belt experienced a second period of tectonic activity and presumed
topographic rejuvenation during the latest Triassic and early Jurassic as the newly joined
continents rifted apart to create the present Atlantic Ocean. The Atlantic margin has subsequently
evolved as a passive margin.
The study area is confined within the central Appalachians of New Jersey and
Pennsylvania. The anatomy of a collisional orogenic belt, including a high-grade metamorphic
and igneous hinterland, a fold and thrust sedimentary belt, and sedimentary basin (Moores and
Twiss, 1997) is well preserved. These tectonic features are expressed as distinct physiographic
provinces, described below, which closely reflect the underlying bedrock and structural geometry.
The Piedmont is a region of high-grade metamorphic rocks and igneous intrusives. It is
characterized by its fairly low elevation (about 250 m above sea level) and proximity to the
Coastal Plain. River gorges (particularly the lower Susquehanna River gorge) that have cut into
the Piedmont create local relief of up to 180 m(Pazzaglia and Gardner, 2000). The Reading
Prong is a series of allochthonous high-grade metasedimentary rocks and intrusives that typical1y
lie on the foreland side of the Triassic-Jurassic rift basins (Gettysburg-Newark Basin) and
differentiate the Piedmont from the fold and thrust belt. The Reading Prong is distinguished by
relatively high relief in comparison with the adjacent Gettysburg-Newark Basin and Piedmont.
The Great Valley is a subdivision of the fold and thrust belt. Here, easily weathered carbonate
units are low standing, producing a dramatic val1ey between the more resistant siliclastics in the
fold and thrust belt and the Reading Prong. The Valley and Ridge province is composed of tightly
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folded and thrust-faulted Paleozoic siliciclastic and carbonate units. Elongate strike ridges and
valleys characterize this region. The topography of the Valley and Ridge (including the Reading
Prong and Great Valley) is higher-standing than the Piedmont, reaching elevations of 650 m above
sea level. Relief in the Valley and Ridge is also greater than the other aforementioned
physiographic provinces, with up to 300 mof local relief (Pazzaglia and Gardner, 2000). The
Allegheny Plateau mostly consists of flat-lying late Paleozoic sediments and is a striking example
of inverted topography, as this region now stands higher than its crystalline hinterland provenance.
Background
Geology and Record of Unroofing
Since the Appalachians are relics of an ancient mountain belt, it is tempting to reason that
their current form may be globally representative of long-term erosional deconstruction of an
orogen. In fact, paradigms of long-term landscape evolution have been strongly colored by studies
of Appalachian topography; specifically within our study area. The region has produced at least
two diametrically opposed theories about form and process in topographic evolution: the concept
of impulsive uplift followed by exponentially decaying topography culminating in penultimate .'
planation (Davis, 1889) vs. a largely time-invariant expression of form and process called dynamic
equilibrium (Hack, 1960).
The presence of enigmatic "water gaps" and concordant ridgetop elevations within the
Valley and Ridge physiographic province of Pennsylvania are primarily responsible for some of
the current dogma in long-term landscape evolution. These features have troubled
geomorphologists for over a century. Transverse drainages have been particularly unsettling,
because it has been difficult to reconstruct or model the conditions by which Atlantic slope
drainages established and maintained courses across resistant strike ridges.
The long-held traditional notion is that the transverse drainages could only be rationalized
by superposition atop a beveled topography (Davis, 1889; Johnson, 1931). In fact, several periods
of beveling and topographic evolution have been proposed. The first period occurred through the
4
late Permian and early Triassic, destroying the topography created during the Alleghanian
orogeny and cutting an unconformity at the base of the Triassic rift basins called the Fall Zone
peneplain. Topographic rejuvenation concurrent with late Triassic-Early Jurassic rifting locally
uplifted and dissected the Fall Zone peneplain, but ultimately, by the Early Cretaceous, this
topography too was beveled, forming the Schooley peneplain. It was named for Schooley
Mountain in central New Jersey where Davis envisioned a dissected remnant of the surface to be
particularly well preserved. Eustatic highs at this time drove a marine transgression across the
Schooley surface that Davis hypothesized extending to the eastern portion of the Ridge and
Valley. Johnson (1931) foresaw this transgression as extending completely across the orogen to
the Allegheny Plateau. Atlantic slope rivers established a course on the Cretaceous marine.
sediments and were fixed in their courses as some combination of epeirogenic uplift and eustatic
fall drove incision and superposition across the buried structures. As the surrounding less resistant
rock was worn away by fluvial processes, the more resistant ridges remained as vestiges of the
Schooley peneplain surface. Presently they remain as prominent corrugated features with the
water gaps in place. Subsequent inset "peneplains" repeat the Davisian cycle of impulsive uplift
(or relative base level fall) followed by incomplete beveling of the landscape to the lower base
level conditions.
Davis' (1889) and later Johnson's (1931), theories were bolstered by the preservation of
Cretaceous sediment~ on the Fall Zone and Coastal Plain that overlie a deeply weathered, low-
relief unconformity. They reasoned that little denudation had occurred since the Cretaceous and
that the Schooley peneplain could be no younger than early Tertiary in age. Pitman and
Golovchenko (1991) modeled erosion for the post-orogenic Appalachians and established that a
major marine transgressive event was the only likely way to create a peneplain in the time required
by the Davis-Johnson model.
The traditional model for Appalachian geomorphic evolution has inspired alternative
explanations. Shaw (1918) initially questioned Davis on the grounds that the gradient of the
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Schooley surface was much too slight (5 to 15 feet/mile) to be correlated with the surface of the
Cretaceous sediments offshore, with an average gradient of 25 to 30 feet/mile. He also stated that
current erosion rates would preclude the preservation of a Cretaceous surface. Sharp (1929)
agreed with Shaw, and additionally pointed out that the rapids and waterfalls on the major rivers
along the Fall Zone correlated with this sharp break in slope between the subaerial and submerged
peneplains. This implied that the peneplains were not continuous features. Ashley (1939)
believed that the concordant ridgetops were likely Miocene features, but were uniformly eroded
remnants of the original Schooley surface. Stose (1940) contended that the peneplain had been'
chiefly formed during the late Jurassic. Interestingly, he did notbelieve that the resistant quartzite
and sandstone ridges' had ever been worn down to the same level as the less resistant shales and
limestones. Yet, not one of these authors disputed the validity of the cycle of erosion, as they all
used Davis' peneplain terminology to describe their observations.
There are several lines of evidence to suggest that the Schooley peneplain hypothesis is
incorrect, and ultimately, that the "cycle of erosion" does not operate precisely in the way that
Davis envisioned. The foremost of these is the presence of Miocene-aged gravels (Pazzaglia,
1993; Pazzaglia and Gardner, 1994; Pazzaglia et aI., 1997) that unconformably overlie Cretaceous
sediments in the Piedmont near the Fall Zone. A projection of the unconformity between these
sediments into the foreland indicates that the Miocene surface would have been much higher than
the supposed topographic remnants of the Schooley peneplain. Additionally, modern rates of
sediment yield from central Pennsylvanian rivers indicate rates of exhumation on the order of5-40
mlm.y., with some local instances of 80 mlm.y. (Cleaves et aI. 1970; Pavich et aI., 1992; Hack,
1982; Milliman and Syvitski, 1992; Braun, 1989; Sevon, 1989). If these rates are representative of
the rates over the past 70 million years, then we would expect -1-3 km of rock to be removed.
Given that local relief is less than 1 km, it is difficult to reason how even non-uniform unroofing
could result in widespread preservation of a Cretaceous peneplain.
Along the Atlantic passive margin, the 400 kilometer long, 18-km deep Baltimore
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Canyon Trough, created as a lower-plate rift basin during the Triassic Atlantic rifting, is the
sedimentary catchment for the coastal rivers spanning from southern Virginia to southern New
England (Poag, 1992). The largest and deepest continental basin along the Atlantic margin, it
contains a record of deposition from the Jurassic to present (Poag and Sevon, 1989). Due to the
.paucity of well-preserved stream terraces and post-Triassic sediments in upland areas along the
Atlantic passive margin that would typically aid in determining the erosional history of the region
(pazzaglia and Gardner, 1993; 1994), the Baltimore Canyon Trough is invaluable for the study of
Appalachian post-orogenic exhumation.
Sediment flux from the post-orogenic Appalachians has varied by an order of magnitude
(Poag, 1992; Poag and Sevon, 1989). Of particular interest is an extraordinarily thick Miocene-
present aged clastic wedge. This is noteworthy since the Baltimore Canyon sediments are derived
from the northern and central Appalachians. Massive pulses of rapid sedimentation are often
attributed to tectonic activity, base-level change or climatic change (Schumm and Rea, 1995).
However, it is generally accepted that the northern and central Appalachians have been
tectonically quiescent since the late Triassic/early Jurassic.
The majority of sediment in the Baltimore Canyon Trough was deposited in the Jurassic
and Cretaceous (Poag andSevon, 1989; Poag, 1992). The Early Miocene marked a resurgence in
sediment sourced from the Hudson and Delaware Rivers, and by the middle Miocene, the
Susquehanna and Delaware were delivering a voluminous load to the Baltimore Canyon Trough
that has continued at about the same rate to the present (Poag and Sevon, 1989). Pazzaglia and
Brandon (1996) inverted the Jurassic to present sedimentary prism in the Baltimore Canyon
Trough to correspond to equivalent values of an eroded rock column. Confirming an unpublished
result of Braun in 1989, their estimates indicate that at least one kilometer of rock would have
been uniformly stripped across the entire modern drainage feeding the BCT to account for the
Miocene-present BCT sediment volume. This implies that denudation rates in the recent past must
have been significantly higher than present values of 5-40 mlm.y. The isopach maps of Poag and
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Sevon (1989) hint that the Delaware, Susquehanna, Potomac, and James Rivers have been the
major sources of sediment to the BCT; this indicates that these rivers have persisted throughout
the late-stage development of the passive margin. Overall, the BCT data do not favor the
preservation of remnants of Cre~aceous surfaces in the present landscape.
A complimentary approach to testing the Schooley peneplain hypothesis is to employ
thermochronologic techniques to date exhumation related cooling of the land surface. The upper
few kilometers of the Earth's crust have a temperature gradient that increases in proportion to the
thermal conductivity of the lithologic unit. On average, this amounts to 25 °C/km of depth.
Fission track thermochronology is a method of determining the age of a rock as it cooled below a
characteristic annealing temperature. The annealing temperature of apatite is generally held to be
about 100 +/- 10 degrees C. Using the average geothermal gradient, this corresponds to about 4
kilometers depth. As the rock column above these apatites is denuded, isostasy would move a
parcel of rock towards the surface through time. Since the accumulation of fission tracks records
the age of the mineral (or host rock) as it cooled below the annealing temperature, measuring the
number of fission tracks formed within an apatite directly corresponds to how long it took for the
rock to move from -4 kilometers depth to the surface.
Various studies to constrain the exhumational history of the central Appalachians have
applied apatite fission track radiometric techniques (Roden and Miller, 1989; Blackmer et. aI.,
1994; Boettcher and Milliken, 1994; Zimmerman, 1979). Roden and Miller (1989) collected
apatites from the Devonian Tioga ash bed, which is well exposed in the Valley and Ridge
province, along with some samples from the Devonian Catskill clastics. Blackmer et ai. (1994)
obtained their apatite separates from various clastic units ranging in depositional age from Upper
Ordovician to the Permian. Their samples covered much of the Valley and Ridge province and
Allegheny Plateau. Their data suggests that the Allegheny Front and northeastern Anthracite
Basin have been exhumed at the most rapid rate, with fission track ages between 100-140 million
years. The Valley and Ridge province is more problematic, showing dramatic variability along
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strike with ages ranging from 250 to 144 million years in Roden and Miller's (1989) dataset.
There seems to be a significant 'population of early Triassic ages in the southern part of the
Pennsylvania Valley and Ridge, but the ages become younger along strike to the east. Blackmer et
al. (1994) do not have as thorough of a sampling population, but the ages they reported from the
southern Valley and Ridge are significantly younger (50-100 Ma less) than the ages of Roden and
Miller (1989). The Allegheny Plateau also appears to be a more youthful feature than the Valley
and Ridge, with ages ranging from 131-184 Ma (Blackmer et al., 1994). The Piedmont has ages
ranging around 250 million years, suggesting that the majority of denudation and exhumation
occurred prior to Triassic rifting (Zimmerman, 1979).
The fission track ages by themselves do not negate Davis' (1889) hypothesis of
peneplanation in the central Appalachians because they are old enough to allow for the
preservation of a late Cretaceous surface. They do confirm that much of the Appalachian
landscape was unroofed following Triassic rifting. Yet a substantial population of partially
annealed fission tracks allow forward thermal models of fission track length distributions to
suggest a protracted period of cooling followed by exhumation-related rapid cooling in the
Miocene (Blackmer et al., 1994; Boettcher and Milligan, 1994).
U-ThlHe dating of apatite provides the potential to further our understanding of the long-
term landscape evolution of the Appalachians. Apatite (CaP04) contains appreciable (ppm)
amountS of uranium and thorium. Both of these elements decay radioactively to lead via a series
of alpha decays (helium nuclei); 8 for 238U, 7 for 235U, and 6 for 232Th. In geological materials,
238U and 232Th are the most abundant producers of radiogenic helium; with minor production
from 235U and negligible contribution from other radioactive elements. Zeitler et al. (1987)
demonstrated, through a series of diffusion experiments, that apatite retained helium over
geologically useful time periods. Additionally, the loss of helium from apatite in heating
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experiments suggested that it was behaving systematically by volume diffusion (Crank, 1975;
Carslaw and Jaegar, 1957) with a very low closure temperature (Dodson, 1973).
Methods
Whole rock samples were collected from the surface at outcrops in various locations
throughout New Jersey and eastern and central Pennsylvania. These 3-5 kilogram samples were
crushed and purified for apatite using several techniques. A Wilfley table hydraulically separated
the bulk crushed rock sample. The dense mineral separate was dried overnight in an oven at 40
degrees Celsius (at these low temperatures, there is no diffusive loss of radiogenic helium [Wolf
et. al., 1998]). This residuum was then passed through a Franz magnetic mineral separator to
remove all magnetically susceptible minerals. The nonmagnetic fraction was floated in a series of
. pure and dilute methylene iodide to isolate the specific gravity of the sample between 3.23 and
2.85. The sample was then sieved into tight size fractions and handpicked under a binocular
dissecting microscope until only pure apatite remained. Followingthis stage, 35-40 euhedral125-
150 micron apatite grains containing the fewest inclusions were selected for analysis. All of the
grains selected were from the same size sieve fraction (125-150 microns) so that inter-sample
variations in closure temperature were minimized.
Since alpha decay recoil causes significant loss of daughter product, each grain was
measured using a micrometer so an alpha recoil correction could be applied to the final age of the
sample (Farley et al., 1996). This was accomplished by use of a transmitted light microscope
outfitted with a gridded ocular. The grid spacing was calibrated using a Leitz microscope
micrometer. Each grain was measured along the shortest axis and the dimension normal to the
shortest axis. The grains were also classified as spheres or cylinders, for the purpose of solving
for a surface area to volume relationship necessary for the alpha correction (Farley et al., 1996).
The samples were weighed on a Cahn 31 micro~alance with a precision of 0.1
micrograms. The samples typically ranged between 200-300 micrograms. Additionally, each
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grain was counted as it was loaded into tantalum packets. Each packet was then stored inside a
glass vial until it could be analyzed.
After degassing, these grains were again subjected to weighing on a Cahn 31
microbalance and coumed again to verify that all were recovered. The sample was directly
transferred to a small Parrish PFA capsule that was held in a Teflon carrier. Each capsule received
175 microliters of redistilled HN03 for initial dissolution. After 1 hour, the carrier and samples
were evaporated to dryness on a hotplate. The carrier and samples were removed from the
hotplate, and 125 microliters ofPFA redistilled HF was added to each capsule along with 1drop
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of redistilled nitric acid. Additionally, 1 mL of PFA redistilled HF and 200 microliters of
redistilled nitric acid were added to the center of the Teflon bomb liner (or moat) outside of the
sample capsules. The samples were sealed in Parr bomb jackets and set into a convection oven at
150 degrees C for 64 hours. Following dissolution, the capsule contents were transferred ,to a 7
mL Savillex capsule. The Savillex capsules, containing the samples, were again dried on a
hotplate. The residue was resuspended in 400 microliters of 8N redistilled HN03 and diluted
12,500 times to approximately 10 mL with 18 M-ohm deionized water. The capsules were sealed
and sent to Washington University for determination ofU and Th concentrations by Inductively
Coupled Plasma-Mass Spectometry (ICP-MS).
Data
Although data from the above-referenced sampling is as yet unavailable, a trial run of
180-250 micron apatites from the field area was analyzed (Becker et aI., 1999). These samples
were collected from near the ridgetops of South Mountain, Pennsylvania (N 40° 55' 10", W 75°
22' 45") and Jenny Jump Mountain, New Jersey (N 40° 55' 10", W 74° 54' 45"). The samples
were processed and selected in the same manner as described, with the exception that they were
split into separate aliquots for the determination of U, Th and He concentrations. The U-Th
concentrations were determined at the University of Kansas ICP-MS laboratory with an analytical
uncertainty of 5%. The results and apatite characteristics are provided in Table 1.
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Since uranium and thorium are not major constituents of apatite, intrasample variation of
uranium and thorium concentrations can be expected. This is the likely explanation for the
variation in ages for the two separate He analyses of sample APL-JJ-99. In the pending dataset,
this problem is averted by recovering the degassed apatite samples, and dissolving them for U-Th
by ICP-MS.
Thermal modeling
Thermochronological aspects
In order to make useful geologic interpretations of U-ThlHe apatite ages, it is necessary
to review the relevance of the method with respect to the geological environment. The simplest
way to do this is to consider the factors that combine to form the closure temperature of a mineral
(Dodson, 1973).
Tc=(E,/R)
Ln[(A* (DJa2).T/ *dtldT)*(RlEa)]
Where: Ea=activation energy
R =Boltzman Gas constant (1.987)
dT/dt = Cooling rate (Klsec)
Do =Intrinsic diffusivity at infinite temperature
A=Geometry constant (cylinder: 27)
a =size
Tc= Closure Temperature
The closure temperature is largely dependent on the diffusional domain size and rate of cooling
(Dodson, 1973). In the case of apatite, the domain size is equivalent to the apatite crystal size
(Farley, 2000). Since the closure temperature decreases as the diffusional domains become
smaller, it is advantageous to use smallerapatite crystals. There is a trade-off, since the alpha-
recoil correction also becomes more substantial with reduced grain size.
Cooling rate is another major factor in the closure temperature of a mineral. In
instantaneous cooling events, the closure temperature is very high. But as the loss of thermal
energy is protracted over several hundred million years, the closure temperature also drops: In the
central Appalachians, denudation rates extrapolated from suspended sediment yields from the
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major drainages (Milliman and Syvensky, 1993) indicate that it has been slow, on the order of 5-
40 m/m.y. The closure temperature for apatites in our study area, using diffusion data from Farley
(2000), should be about 50 °e. This very low closure temperature was calculated using Dodson's
(1973) recursive equation. As the apatite crystal is exhumed below its closure temperature, it
begins to retain its radiogenic helium.
It is generally held that intrinsic diffusive properties (e.g. Ea and Do) of common rock
forming minerals are invariant at ambient temperatures on the surface of the earth. This is thought
to be true because under normal circumstances, the minerals are not subject to phase changes or
strain-related recrystallization under normal circumstances. Therefore, the physical integrity of
the mineral's lattice, and diffusive properties, are held constant. Several studies of helium
diffusion in apatite (Zeitler et al., 1987; Lippolt et al., 1994; Wolf et al., 1996; Warnock et al.,
1997) have reported transitions in He diffusivity, specifically Ea and D/aZ, during step heating
experiments. Recent helium diffusion studies on Durango apatite by Farley (2000) suggest that
low temperature defects and subsequent annealing during the step-heating experiment are the
cause for this non-linear diffusion behavior. Farley points out that this irreversible transition,
which occurs between 265° to 4000e, is over the same temperature range that fission-track heating
experiments (Green et al., 1986) report their annealing for Durango apatite. If fission-track
accumulation (and annealing) does playa role in the diffusive properties of apatite, then the
concentration and distribution of uranium becomes an important entity in the U-ThlHe closure
temperature of apatite. For example, an apatite with a very high concentration of uranium can
potentially develop a much higher fission track density than one with much less uranium. If the
sample was cooled very slowly, the diffusion of radiogenic helium from the uranium-poor apatite,
by percentage, will be greater than that retained. Therefore, each apatite grain should be step-
heated individually in order to obtain diffusion information necessary to understand the age
recorded by that apatite.
Farley et al. (1996) reported on another previously overlooked phenomenon occurring
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during the alpha decay of uranium and thorium. The alpha particle, which is ejected from the
nucleus of the radioactive parent, actually travels an appreciable distance from its nuclear source.
The recoil, or ejection distance, of helium from uranium and thorium is on the order of 17-19
microns (Farley et aI., 1996). Generally, apatites used for dating are 125-250 microns in size,
meaning a 17-19 micron recoil creates substantial deficiency of daughter product that is
independent of thermally-enabled diffusive loss. Farley et aI. (1996) presented a series of
equations to remedy the alpha ejection loss of helium. The degree of alpha correction becomes
more substantial as the diameter of the apatite crystals approach the recoil distance. Therefore, it
is necessary to measure each apatite crystal and accurately characterize the size and geometry of
the grain.
Geological Aspects
Lithology
The steady state geothermal gradient follows Fourier's Law of heat conduction through a solid.
That equation is:
dT/dz = Q/-k
where: Q =heat flow (W/m2)
-k =thermal conductivity (J/sec m K)
dT/dz = thermal gradient (KIm)
This same relation is true with heat conducted through the Earth's crust from the mantle to the
surface. This simple relationship ignores radiogenic heat production; an important, but secondary
factor in the composition of the geothermal gradient. Variations in the geothermal gradient are
therefore due primarily to anomalies in heat flow from depth (Q) or changes in the thermal
conductivity of rock (k). Although there are examples of extreme variability in basal heat flow,
particularly in volcanic regions, typical continental mantle heat flow values cluster around 20-40
mW/m2 (Spear, 1989).
In the upper crust, thermal conductivities of rocks are determined largely by their
mineralogy, although other factors such as porosity, temperature, fluid content, and grain size and
shape are also important (Birch, 1954). Table 2 lists some common rock forming minerals and
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corresponding thermal conductivities.
Rocks rich in quartz, such as sandstone, will typically have much higher thermal
conductivities in contrastto those with an abundance ofT-O-T silicates, such as shales, which
have much lower thermal conductivities. If heat flow is equivalent, the geothermal gradient
through shale will be about twice that of sandstone. Table 3 lists thermal conductivities measured
from different rock types from the Appalachian field area. A one-dimensional steady state
geotherm will look markedly different depending on the stratigraphy. Assuming that the
following units are in steady-state equilibrium, and that lateral heat flow is negligible, a I-D
geothermal gradient develops (listed in Table 4).
In Table 4, the only difference between the thermal profile on the left, and the one on the
right is the order in which the stratigraphic units are distributed. In the context of low-temperature
thermochronology, these properties could be extremely significant, especially when interpreting
data. In a tectonically passive setting, where erosive forces and isostatic response are responsible
for exhumation of rocks from depth, the lithology within and above the apatite is extremely
relevant io the interpretation of exhumation rate. In the case of the Appalachian field area, the
cooling rate is very slow, leading to lower closure temperatures (perhaps as low as SO°C). To
make an even stronger case for the importance of lithologic variation in thermochronologic
interpretation, two thermal histories were developed using the two stratigraphic examples. The
thermal history was taken relative to the basal unit on the examples above-in both cases
metamorphic basement. Each thermal history was then deduced by removing the uppermost
lithologic unit, and re-calculating the steady-state temperatures. The temperature of the initial
reference cell was recorded as each overlying sub-unit was removed and re-equilibrated. As long
as heat is not advected to the surface by rapid exhumation, the surface temperature can remain
fixed at 10 degrees C. This is a reasonable assumption for passively-eroding regions. The thermal
histories that developed are included in Table 5 and illustrated in Figure 1.
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Considering that the initial temperature and depth were identical, and assuming that the
exhumation rate was the same, it is very interesting to observe that the thermal history experienced
by the reference rock unit was notably different. With regard to low-temperature
thermochronology, it can be expected that the thermochronometer, either apatite fission tracks or
U-ThlHe dating, would record these variations in thermal history by variable annealing or
diffusive loss of daughter product. To test the validity of such a proposal, we executed models of
ingrowth and diffusive loss of helium in apatite following the two different thermal histories listed
above and determined the resulting age. The diffusive models were developed using Crank and
Nicholson (1947) methodology. Most of the diffusive properties were taken or adapted from
Farley (2000), and are listed below:
Ea=33 kcallmol
Do=47 em/sec
a= 90 e-4cm
A= 55 (spherical geometry)
In addition, a uniform concentration of 50 ppm of uranium was assumed, The contribution of
helium from the decay of thorium was ignored in these models for simplicity. The diffusive
behavior of helium is the same, whether it is produced from thorium or uranium. The resulting
ages of both trial apatites, if they included thorium, would be proportionally different in the same
manner as they are with just uranium.
Four scenarios are presented in Table 6. The "Short Time" models were run assuming
that at 60 Ma, the apatites contained no helium, with an initial temperature of 111 degrees C. The
apatites were cooled at a rate of 5 degrees C/m.y. until they reached an age of 30 Ma. The apatites
were then allowed to evolve through the thermal histories outlined above in Examples #1 and #2.
The "Long Time" models were run assuming that at 300 Ma, the apatites contained no helium, at
an initial temperature of 111 degrees C. Here, though, the apatites cooled at a rate of 0.33 degrees
C/m.y. until they reached an age of 30 Ma. Then the apatites were evolved through the two
thermal histories outlined above in Examples #1 and #2. The numerical closure temperature is a
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better determination of the closure temperature than Dodson's equation, which assumes a
monotonic cooling history. The numerical c.\osure temperature was determined using the
differential thermal histories experienced by each example's apatite.
The results of the modeling substantiate that lithologic variation is an important factor in
the cooling history of apatite; and hence the age yielded in very slowly exhumed environments.
Without doubt, the lithologic variation of the Appalachians has influenced the cooling history of
the apatites collected from the surface. Yet these examples are not to be directly applied to the
complexly folded and thrust field area, but are presented to reinforce the notion that this issue is
important to consider in passively exhumed landscapes.
Discussion
In order for Miocene to present denudation to be substantiated by U-ThlHe dating of apatite, a
considerable volume of sediment must be removed. Here, though, competing processes
complicate the situation. To have lower U-ThlHe apatite closure temperatures, exhumation rates
must be very slow. However, in order to detect Miocene to present denudation, rapid, or at least a
recent acceleration of the exhumation rate is required; The record from the Baltimore Canyon
Trough indicates that sedimentary accumulation rates were extremely low through much of the
early Tertiary, until the early to mid-Miocene (Poag and Sevon, 1989). The extremely slow
cooling rates through the early to middle Cenozoic maintain the possibility that helium was still
diffusing out of the apatite as quickly as it was produced. If the Miocene marks a change to rapid
exhumation, there may have been enough rock exhumed to capture the event with the U-ThJHe
apatite thermochronometer.
Several researchers have calculated modernerosion rates for the central Appalachians
using a variety of approaches. A review of their conclusions is provided in Sevon (1989). The
erosion rates range between 1.2-203 meters/million years. These present day values reflect
dissolved, suspended load and bedload in several rivers draining the mid-Atlantic region.
Extending modern denudation rates into the past would ignore the considerable evidence of
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differential erosion in the Appalachians (Poag and Sevon, 1989). For instance, Braun (1989)
argues that erosion rates during the Pleistocene were much higher based on the amount of hillslope
sediment evacuated from colluvial hollows and preserved in deep structural synclines in eastern
Pennsylvania. He infers that erosion rates ranged from 0.49-0.810 m/ka during the Pleistocene.
Pazzaglia and Brandon (1996) took this approach a step further by attempting to
determine the denudation rates from 175 Ma to present in 5 million year intervals using
sedimentary volume estimates from the Baltimore Canyon Trough and "restoring" the sediment to
the landscape. Their estimates do not account for dissolved load; instead relying on sediment
which was mechanically eroded and transported to the BCT. Current estimates of dissolved load
denudation are between 2-10 m/m.y. (Pavich et al. 1989; Cleaves, 1993; Cleaves et al., 1970).
Therefore, their erosion rates are likely underestimates of the actual amount of sediment removed
over the past 175Ma. Additionally, Pazzaglia and Brandon (1996) developed their denudation
histories under two general conditions: the first with a fixed drainage area and the second with a
drainage area that increased 5% every 5 million years.
In order to put the trial apatite U-ThlHe dataset into context, a thermal history was
developed from the denudation rates calculated by Pazzaglia and Brandon (1996). The fixed
drainage area was used as a more conservative value for these calculations. A geothermal gradient
of25 degrees C, with an initial surface temperature of 10 degrees C was assumed for the purpose
of the calculation. Although this paper discussed the importance of lithologic variation with
respect to cooling history, it is impossible to know a priori what types of rack (and thermal
characteristics) from which this sediment is derived in this complexly faulted and folded area, and
therefore an average geothermal gradient was assumed for simplicity. Using these data, two
thermal histories were developed. The first extended from the Jurassic to present while the second
spanned from the Jurassic to the Cretaceous{fertiary boundary, and remained at an approximate
surface temperature for 66 million years. The principle behind the development of these two
thermal histories is to determine what the UlHe age would be from these two examples. which are
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exhumational approximations for continuous denudation and Davis' Schooley peneplain.
The resulting cooling histories (Table 7 and Figure 2) were incorporated into an
ingrowth-diffusion apatite U-He model (Crank, 1975). The diffusion characteristics (Farley,
2000) were identical to those previously used in the ingrowth-diffusion model in this text. The
numerical closure temperature and U-He age from these model simulations are provided in Table
8. In addition to the two thermal histories run, two different size apatites, 220-micron diameter
and BO-micron diameter, were calculated with the varying histories. These sizes were chosen
because they are similar to the sizes in the populations of apatites sampled and analyzed from the
field area, and can be used in the interpretation of future U-ThlHe ages.
The interpretation of the trial dataset can be made in the light of the resulting histories.
Sample APL-SMT-99 has a U-ThlHe age (-160 Ma) that more closely resembles the age expected
from Schooley peneplain type exhumation (-138 Ma). Sample APL-JJ-99, with an age ranging
between 103-123 Ma, fits in between the Schooley peneplain and Hacldan continuous exhumation
thermal histories. The very limited trial dataset does not resolve which process is more correctly
applied to this terrain. The variability in uranium and thorium concentrations within intrasample
apatite compromises the value of the ages. The analytical uncertainty of the uranium and thorium
concentrations was also relatively high, casting more doubt on the reliance of these ages. In
addition, the sample size fractions from the trial dataset were not as tightly constrained, with a
range of sizes between 180-250 microns in diameter. These size variations mean that the final U-
ThlHe age is actually a composite of apatites with many thermal histories. A few large apatites
(>220 microns) could strongly influence the final age to be older than expected. A more
complete, forthcoming U-ThlHe age dataset, with more tightly constrained size fractions, has the
potential to provide answers to these questions.
Conclusions
Very slowly cooled apatites, particularly from passively exhumed landscapes, can record
ages from subtle nuances in the exhumation history. The apatite U-ThlHe ages are ultimately
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linked to the cooling history of the rock, which can be altered by such factors as concentration of
crystal defects (Farley, 2000) and the lithologic character of the overburden. These factors could
significantly effect the age, making estimates of exhumation rate difficult without a detailed
knowledge of the field area and diffusional characteristics of the apatite. Future studies of
landscape evolution using U-ThlHe dating of apatite, particularly along passive margins, should
pay attention to these variables in the context of their ages. Additional thermal models are also
needed to quantify the effects of folds, faults and topography with respect to cooling histories.
Interpretation of how the Appalachian landscape is evolving is currently limited to only
two imprecise apatite U-ThlHe ages. These ages do not definitively point to Davis' (1889) or
Hack's (1960) models as relevant to the field area. The sample APL-JJ-99, with a U-ThlHe age
range of 103-123 Ma and numerical closure temperature around 53°C, is substantially younger
than ingrowth diffusion models predict for Davisian denudation using recent erosion estimates for
the Appalachians (Pazzaglia and Brandon, 1996). Yet, sample APL-SMT-99 has an age almost
identical to that expected for Davisian style landscape evolution. An anticipated apatite U-ThlHe
dataset should resolve which of these landscape evolution models are more pertinent to the current
Appalachian topography.
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Mean Uranium Thorium Helium alpha-
Diameter Alpha concentration concentration concentration corrected
Sample In (microns) correction (ppm) (ppm) (moleslgm) Age (Ma)
APL-JJ-99 (1) 231 0.87 36.6 206 4;825 x 10.8 123.4
APL-JJ-99 (2) 231 0.87 36.6 206 4.016 x 10'8 102.9"
APL-SMT-99 222 0.86 70.3 51.9 6.504 x 10'8 161.1
Table 1. Trial Appalachian U-ThlHe data. The apatites used in this analysis were substantially •
larger in diameter than the ones used for the current U-ThlHe apatite dataset.
Mineral Thermal conductivity (J/sec m K)
Quartz 7.10
Mica (Muscovite. Chlorite. Biotite) 1.88
Plalrioclase 1.84
Garnet 5.01
Table 2. Thermal conductivity values from common rock forming minerals.
Values adapted from Diment and Werre (1964).
Rock Type Thermal conductivity (J/sec mK)
Shale 1.41
SandvShale 2.24
Calcareous Shale 1.89
Limestone 2.40
Impure Sandstone 3.42
Quartz Sandstone 4.74
Piedmont Gneiss 2.70*
Table 3. Thermal conductivities ofvarious lithologies measured
in or near the Appalachian field area. Adapted trom Joyner (1960). "
•Adapted" from Diment and Werre (1964).
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1#2EI #1Example xample
Depth (meters) Rock Type Temperature (0C) Rock Type Temperature fC)
0 10 10
100 Shale 13 Arenite 11
200 Shale 16 Arenite 12
300 Shale 19 Arenite 13
400 Shale 21 Arenite 13
500 Shale 24 Arenite 14
600 Calc. Shale 26 Limestone 15
700 Calc. Shale 28 Limestone 17
800 Calc. Shale 31 Limestone 18
900 Calc. Shale 33 Limestone 19
1000 Calc. Shale 35 Limestone 20 '
1100 ImpureSS 36 ImpureSS 22
1200 ImpureSS 38 ImpureSS 23
1300 ImpureSS 40 ImpureSS 25
1400 ImpureSS 41 ImpureSS 27
1500 ImpureSS 43 ImpureSS 28
1600 Limestone 44 Calc. Shale 31
1700 Limestone 45 Calc. Shale 33
1800 Limestone 47 Calc. Shale 35
1900 Limestone 48 Calc. Shale 37
2000 Limestone 49 Calc. Shale 39
2100 Arenite 50 Shale 42
2200 Arenite 51 Shale ,'45
.2300 Arenite 52 Shale 48
2400 Arenite 52 Shale 50
2500 Arenite 53 Shale 53
2600 PiedmontMM 55 PiedmontMM 55
2700 PiedmontMM 56 PiedmontMM 56
2800 PiedmontMM 58 PiedmontMM 58
2900 PiedmontMM 59 PiedmontMM 59
3000 PiedmontMM 61 PiedmontMM 61
Table 4. One-dimensional steady state geotherms for two rock columns of identical
lithology, but different order. Notice that the surface and basal temperatures are
equivalent.
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Depth from Example #1 Example #2
Surface (m) Temperature ~C) Temperature ~C)
3000 61 61
2900 58 60
2800 55 59
2700 . 52 58
2600 49 57
2500 46 56
2400 44 55
2300 42 54
2200 40 53
2100 38 52
2000 36 51
1900 . 34 49
1800 33 47
1700 31 46
1600 29 44
1500 27 42
1400 26 40
1300 25 38
1200 24 36
1100 23 34
1000 22 32
900 21 29
800 21 26
700 20 23
600 19 20
500 17 17
400 16 16
300 14 14
200 13 13
100 11 11
0 10 10
Table s. The steady state cooling history that would
develop from exhuming the basal rock parcel from Example #1
and Example #2 from Table 4. The distribution of thermally
re.fractive uints (e.g. shale) had a strong influence on the final result
pe
#1 Short
Numerical A e (Ma) 31.93
Numerical Closure
Tem erature~C) 64.21 59.79 51.95 52.94
Table 6. The results of the Ingrowth-difl'usion V-He models using the
thermal histories developed In Example #1 and Example #2 from Table S.
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"Hackian" "Davisian"
Temperature Temperature
Age (Ma) (oC) ('C)
175 119.5 91.1
170 113.8 85.5
165 108.2 79.8
160 101.3 73
155 91.9 63.6
150 85.7 57.3
145 82.5 54.2
140 79.6 51.2
135 77.4 49.1
130 76 47.7
125 72.9 44.5
120 70.2 41.9
115 68.1 39.8
110 66.5 38.2
105 65.2 36.9
100 64.1 35.8
95 63.1 34.8
90 62.1 33.8
85 56.5 28.2
80 50.4 22.1
75 45.7 17.4
70 41.5 13.1
65 38.3 10
60 36.7 10
55 35.5 10
50 ·33.9 10
45 32.7 10
40 31.8 10
35 31.2 10
30 31 10
2S 30.6 10
20 30 10
15 25.4 10
10 16.7 10
5 13.6 10
0 10 10
Table 7. The thermal histories that would develop from
the exhumation of rock from depth using denudation
calculations (Pazzaglia and Brandon,l996). The
results were determined in context ofDavisian
and Haddan erosional models.
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Apatite Numerical Closure
Diameter (microns) Temperature l'C) Numerical Age (Ma)
Davisian model 220 52.76 143.60
130 48.16 132.64
Hacldan model 220 60.41 88.49
130 46.99 76.38
Table 8. Results from U·He ingrowth·diffusion model for the thermal histories
developed from Appalachian denudation calculations through time (Table 7).
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Thermal History Resulting from Lithologic Variation
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Figure 1. The steady state thermal histories that would develop from the exhumating
the basal rock parcel from Example #1 and Example #2 from Table 4. The distribution
of thermally.refractive units (e.g. shale) have a strong ~uence on the final r~t.
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Thermal History of Appalachian Topography
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Figure 2. The thermal histories that would arise from the exhumation of rock from
depth using denudation calculations (pazzaglia and Brandon, 1996). The results were
determined in context of Davisian and Hackian erosional models.
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